Ca 2+ signaling is critical to plant immunity; however, the channels involved are poorly characterized. Cyclic nucleotide-gated channels (CNGCs) are nonspecific, Ca 2+ -permeable cation channels. Plant CNGCs are hypothesized to be negatively regulated by the Ca 2+ sensor calmodulin (CaM), and previous work has focused on a C-terminal CaM-binding domain (CaMBD) overlapping with the cyclic nucleotide binding domain of plant CNGCs. However, we show that the Arabidopsis thaliana isoform CNGC12 possesses multiple CaMBDs at cytosolic N and C termini, which is reminiscent of animal CNGCs and unlike any plant channel studied to date. Biophysical characterizations of these sites suggest that apoCaM interacts with a conserved isoleucine-glutamine (IQ) motif in the C terminus of the channel, while Ca 2+ /CaM binds additional N-and C-terminal motifs with different affinities. Expression of CNGC12 with a nonfunctional N-terminal CaMBD constitutively induced programmed cell death, providing in planta evidence of allosteric CNGC regulation by CaM. Furthermore, we determined that CaM binding to the IQ motif was required for channel function, indicating that CaM can both positively and negatively regulate CNGC12. These data indicate a complex mode of plant CNGC regulation by CaM, in contrast to the previously proposed competitive ligand model, and suggest exciting parallels between plant and animal channels.
INTRODUCTION
Ca 2+ serves as a universal second messenger in eukaryotic signaling pathways, and transient changes in cytosolic Ca 2+ levels are rapidly induced by diverse stimuli in plants (Sanders et al., 2002; Kudla et al., 2010) . Despite such a central role for Ca 2+ in plant biology, relatively little is known regarding the Ca 2+ channels of plants (Spalding and Harper, 2011) . Plant genomes examined to date lack homologs to animal voltage-gated cation channels and instead possess expanded families of ligand-gated cation channels, represented primarily by the ionotropic glutamate receptor-like channel and cyclic nucleotide-gated channel (CNGC) families (Mäser et al., 2001) . CNGCs are nonselective cation channels that are hypothesized to function as Ca 2+ channels in plants (Dietrich et al., 2010; Jammes et al., 2011; Zelman et al., 2012) and are characterized by conserved structural components, including a short cytosolic N terminus, six transmembrane helices (S1-S6) with a pore-forming region between S5 and S6, and a cytosolic C terminus containing a cyclic nucleotide binding domain (CNBD; Kaupp and Seifert, 2002; Matulef and Zagotta, 2003) . The CNBD mediates channel gating by cyclic nucleotide monophosphates such as cAMP and/or cGMP (Mäser et al., 2001; Kaupp and Seifert, 2002; Matulef and Zagotta, 2003; Kaplan et al., 2007; Zelman et al., 2012) , though studies of this mechanism are largely restricted to animal isoforms.
All plant and animal CNGCs studied to date also possess at least one calmodulin (CaM) binding domain (CaMBD) (Kaplan et al., 2007; Ungerer et al., 2011) . CaM is a ubiquitous eukaryotic Ca 2+ sensor, which binds four Ca 2+ ions via EF-hand motifs arranged in N-and C-terminal globular domains. Upon binding Ca 2+ , CaM changes conformation from a closed, Ca 2+ -free state (apoCaM) to an extended Ca 2+ /CaM conformation with high affinity for a broad range of target proteins (Hoeflich and Ikura, 2002; Bouché et al., 2005; DeFalco et al., 2009; Poovaiah et al., 2013) . This structural flexibility, along with the ability of some proteins to interact with CaM independently of Ca 2+ , allows CaM to regulate numerous protein targets in diverse signaling pathways (Crivici and Ikura, 1995; Yamniuk and Vogel, 2004) . Mammalian CNGCs possess diverse sites for CaM binding, with at least nine CaMBDs found across both the N and C termini of the six different CNGC isoforms (Ungerer et al., 2011) . However, to date, experiments have provided evidence of a functional role for only the N-terminal CaMBDs (Liu et al., 1994; Weitz et al., 1998; Trudeau and Zagotta, 2002; Zheng et al., 2003; Song et al., 2008) , particularly the N-terminal LQ site of the regulatory CNGB1 subunit (Ungerer et al., 2011) . Generally, CaM is hypothesized to function in the feedback regulation of CNGCs by binding to one or more CaMBD(s) at elevated cytosolic Ca 2+ levels and allosterically inhibiting CNGC conductance (Zheng et al., 2003; Zagotta, 2002, 2004; Bradley et al., 2001 Bradley et al., , 2004 Ungerer et al., 2011; Liu et al., 1994; Chen and Yau, 1994; Weitz et al., 1998; Song et al., 2008) .
Initial studies on individual isoforms from barley (Hordeum vulgare) (Schuurink et al., 1998) , tobacco (Nicotiana tabacum) (Arazi et al., 1999) , and Arabidopsis thaliana (Köhler and Neuhaus, 2000) confirmed that plant CNGCs are also CaM-binding proteins. However, in contrast to animal isoforms, a single CaMBD was mapped to a site that overlaps the C-terminal a-helix (aC) of the CNBD (Arazi et al., 2000; Köhler and Neuhaus, 2000) . This aC CaMBD is characterized by a four-residue, Trp-Arg-Thr-Trp (WRTW) motif required for CaM binding (Arazi et al., 2000) , which is widely conserved across the Arabidopsis CNGC family (Chin et al., 2010) . Previous studies have hypothesized that the location of the CaMBD within the CNBD allows CaM to compete with cyclic nucleotide monophosphate as a ligand in the allosteric gating of channel conductance (Hua et al., 2003; Kaplan et al., 2007; Swarbreck et al., 2013) . It was originally suggested that this site is the only CaMBD in plant CNGCs, while sequence conservation of this region varies considerably between CNGC isoforms (Zelman et al., 2012) . Recently, Arabidopsis CNGC20 was found to bind CaM via a distinct isoleucine-glutamine (IQ) motif adjacent to but not overlapping the aC-helix (Fischer et al., 2013) , suggesting that plant CNGCs, like mammalian CNGCs, may possess a variety of CaMBDs. A long-standing hypothesis holds that plant CNGCs, like animal isoforms, are negatively regulated by CaM (Hua et al., 2003; Kaplan et al., 2007) , but direct in planta evidence to support this is currently lacking.
Though the importance of Ca 2+ signaling in immunity is well established, the molecular components involved in generating and regulating Ca 2+ signals during defense responses are only beginning to be characterized (Seybold et al., 2014) . Furthermore, despite the importance of CNGCs in plant biology, as implied by the expanded size of CNGC gene families and phenotypes of some CNGC mutants, very little is known regarding the structurefunction of these channels. Individual CNGC isoforms have been implicated in immune signaling, including the positive regulator of Arabidopsis immunity, CNGC12 (Yoshioka et al., 2006; Moeder et al., 2011) . CaM is also involved in immunity, wherein it plays both positive and negative regulatory roles (Cheval et al., 2013; Poovaiah et al., 2013) . Thus, CNGCs represent a poorly studied junction between Ca 2+ , CaM, and immunity. To further understand the regulation and physiological roles of CNGCs, we undertook a thorough characterization of the CaM binding properties and function of CNGC12. In this work, we demonstrate that CNGC12 has multiple CaMBDs at both its cytosolic N and C termini, including both Ca 2+ -dependent and -independent sites, and which mediate both positive and negative regulation of channel function, revealing complexity in CNGC regulation by Ca 2+ .
RESULTS

At-CNGC12 Contains CaMBDs at Both Its N and C Termini
To characterize the regulation of CNGCs by CaM during immunity, we investigated the CaM binding properties of CNGC12. The region corresponding to the conventional aC CaMBD within the CNBD of CNGC12 is poorly conserved relative to other members of the CNGC family in Arabidopsis (Zelman et al., 2012) . Thus, we empirically investigated the CaM binding properties of this region and searched for novel CaMBDs in CNGC12 (see Supplemental Figure 1 for delineation data). A recombinant 6xHis-tagged fragment corresponding to the predicted cytosolic C terminus of the channel (CNGC12 358-649 ) clearly bound HRP-CaM in our overlay assay. Seven truncated fragments of this region were subsequently expressed and assayed for CaM binding (Supplemental Figure 1) . In contrast with studies of other plant CNGCs, our delineations revealed that an alternative CaMBD exists outside of the CNBD, as a region C-terminal to the CNBD (CNGC12 561-626 ) was able to bind CaM. This suggested the presence of a novel CaMBD within the C terminus of CNGC12. Our assays showed that a minimal region of amino acids 595 to 626 contained the novel CaMBD; notably, this region had not been previously characterized in any plant CNGC. Concomitant with the C-terminal delineation, the cytosolic N-terminal region of CNGC12 (amino acids 1 to 43) was expressed as a GST fusion and assayed for CaM binding. No N-terminal CaMBDs have been previously reported among plant CNGC isoforms; however, we observed clear CaM binding in our overlay assay with this N-terminal region. Following these in vitro delineations, we performed in silico analyses to predict putative CaMBD motifs within these empirically derived regions. On the basis of sequence, electrostatics, and helical propensity (Yap et al., 2000) , two putative motifs were predicted, which we named NT (CNGC12 and ). In addition to the sites identified with our binding assays, a putative IQ motif was predicted at CNGC12 ; this site is highly conserved across the entire Arabidopsis CNGC family and has been validated as a CaMBD in the case of CNGC20 (Fischer et al., 2013) . The positions of the NT, IQ, and CT CaMBDs are shown in Figure 1A .
Prediction of CNGC12 secondary structure using the PSIPRED server (Jones, 1999; Buchan et al., 2013) suggested that the IQ and CT motifs form helices, while the cytosolic N terminus of the channel was predicted to exist in a random coil orientation. However, given the ability of CaM binding to induce helical conformation in target sequences (Yamniuk and Vogel, 2004) , the NT, IQ, and CT regions were all modeled as helices and visualized as helical wheels (rzlab.ucr.edu/) and three-dimensional helices (PyMOL version 1.3) ( Figures 1B and 1C) . The NT and CT models produced amphipathic helices, with hydrophobic and basic faces characteristic of Ca 2+ -dependent CaMBDs (Yamniuk and Vogel, 2004) , while the IQ motif lacked such clear amphipathic character ( Figures 1B and 1C) . The CNGC12 IQ motif did not bind CaM in our overlay assays (Supplemental Figure 1) , which were performed under stringent conditions that may not detect relatively weak binding.
To characterize these sites in greater detail, we obtained synthetic peptides corresponding to each site (Supplemental Table 1 ). Each of these peptides exhibited CaM binding in our nondissociating PAGE (ND-PAGE) assays ( Figure 1D ). The NT and CT peptides caused a shift in the mobility of CaM only in the presence of Ca 2+ , while the IQ peptide was able to cause a shift in the mobility of both Ca 2+ /CaM and apoCaM. However, we consistently observed multiple complexes formed between the IQ peptide and CaM that migrated separately and were observed only in the presence of Ca 2+ , suggesting that the IQ peptide interactions with Ca 2+ /CaM and apoCaM have different biophysical profiles, whereby Ca 2+ induces the formation of a higher order complex between the IQ peptide and CaM ( Figure 1D ), though the nature of this complex remains unknown.
The NT, IQ, and CT Motifs Bind CaM with Different Biophysical Profiles
To further examine the interactions of these CaMBDs with CaM, we performed 1 H-15 N heteronuclear single quantum coherence Figures 2A, 2C , and 2D). These results further corroborated our ND-PAGE findings, as both the NT and CT peptides caused minimal chemical shift perturbations in the spectra of 15 NapoCaM ( Figures 2B and 2F ), while the IQ peptide induced a clear shift in the apoCaM spectra ( Figure 2D ). Taken together, these findings suggested that the NT and CT are Ca 2+ -dependent CaMBDs, while the IQ motif may be a Ca 2+ -independent CaMBD.
To determine the binding affinities of each interaction, isothermal titration calorimetry (ITC) was performed with each of the CaMBD peptides. In agreement with our previous results, the NT, IQ, and CT peptides each exhibited high-affinity interactions with Ca 2+ /CaM with 1:1 stoichiometries ( Figures 3A, 3B , and 3C). Of these three CaMBDs, the CT had the highest affinity, with a measured K d of 7 nM ( Figure 3C ), whereas the measured affinity for the NT peptide was ;5-fold lower (K d 34 nM; Figure 3A ). In the case of the IQ peptide, we also performed titrations into apoCaM ( Figure 3D ). Titration of IQ peptide into either Ca 2+ /CaM or apoCaM each gave clear binding data with overall 1:1 molar stoichiometry; however, the IQ peptide bound Ca 2+ /CaM with higher affinity and the data were best fitted to a two-site model (K d1 18 nM and K d2 84 nM), while the IQ-apoCaM data modeled as a lower affinity interaction (K d 950 nM). Parameters calculated from these ITC measurements are shown in Supplemental Table 2 .
Mutations Disrupt Site-Specific Binding of CaM to CNGC12
To determine residues required for CaM binding within these sites, residues within the NT, IQ, and CT motifs were selected for mutagenesis based on the helical wheel projections shown in Figure  1B . Hydrophobic and/or basic residues were mutated to acidic residues (Glu or Asp) to disrupt CaMBD interactions with the hydrophobic clefts and acidic residues of CaM. Overlaid spectra of uniformly 15 N-labeled CaM in the absence (black) or presence (red) of equimolar peptide. In all assays, spectra of 0.2 mM 15 N-CaM were collected in either Ca 2+ buffer (10 mM HEPES, 100 mM NaCl, and 5 mM CaCl 2 , pH 7.5) or apo buffer (10 mM HEPES, 100 mM NaCl, and 1 mM EGTA, pH 7.5), as indicated. Spectra of Ca 2+ /CaM (A) or apoCaM +/2 NT peptide (B). Spectra of Ca 2+ /CaM (C) or apoCaM +/2 IQ peptide (D). Spectra of Ca 2+ /CaM (E) or apoCaM +/2 CT peptide (F). In the case of the NT site, a double substitution mutant (CNGC12 L27E/K28E ) was designed to disrupt both the hydrophobic and basic faces of the helix, and a peptide corresponding to this mutant CaMBD (named NT mut ) was synthesized (Supplemental Table 1 ). This mutant peptide did not cause a shift in the mobility of CaM in our ND-PAGE assay ( Figure 4A ). The ability of NT mut peptide and wild-type NT peptide to bind CaM was further compared in detail via an HSQC-NMR titration assay ( Figure 4B ), in which increasing amounts of each peptide were incubated with CaM in the presence of Ca 2+ . The wild-type NT peptide caused chemical shift changes, exhibiting slow exchange on the chemical shift time scale in the spectra of 15 N-CaM, which appear saturated at a 1:1 molar ratio, indicating high affinity binding. In contrast, addition of increasing amounts of NT mut peptide caused much smaller chemical shift changes, which exhibited fast exchange on the chemical shift time scale and did not saturate even with addition of 2.5-fold molar excess amounts of NT mut peptide, indicating that the L27E/K28E mutation substantially reduced CaM binding. This result was confirmed via ITC measurement with the NT mut peptide (Supplemental Figure 2A) .
A two-residue substitution was also designed to disrupt CaM binding to the IQ motif, and a synthetic peptide bearing this mutation (I564D/Q565A, referred to as IQ mut ) was tested for CaM binding. This IQ mut peptide showed reduced CaM binding in our ND-PAGE assays, suggesting that the I564D/Q565A mutation substantially reduces both apoCaM and Ca 2+ /CaM binding ( Figure 5 ). This reduction in binding was quantified via ITC measurement, which showed that the affinity of IQ mut peptide was significantly lower for Ca 2+ /CaM compared with the IQ peptide (Supplemental Figure 2B) .
The CT site lacks a canonical CaM target motif; thus, residues Leu-605, Val-607, Arg-609, and Lys-613 were each individually mutagenized to Glu to determine if any individual substitutions could disrupt CaM binding. Fragments containing the CT (CNGC12 581-649 ) were expressed as 6xHis-tagged fusion proteins, each containing a single mutation, and assayed for CaM binding in an overlay assay. Substitution of any of these individual basic or hydrophobic residues to an acidic residue (Glu) reduced CaM binding relative to the wild type, with the V607E mutation exhibiting the most drastic reduction (Supplemental Figure 3) . We further analyzed a peptide containing this mutation and observed a loss of CaM binding in our ND-PAGE assay, while ITC measurement showed this CT mut peptide had an ;16-fold decrease in affinity for CaM relative to the CT peptide (Supplemental Figure 3) .
Loss of CaM Binding to the NT Site Triggers CNGC12-Induced Programmed Cell Death in Planta
Previously, a chimeric channel comprising a fusion of the N terminus of CNGC11 and the C terminus of CNGC12 (CNGC11/12) was isolated as responsible for the phenotype of the Arabidopsis lesion-mimic mutant cpr22 (constitutive expressor of PR genes 22) (Yoshioka et al., 2001 (Yoshioka et al., , 2006 . CNGC12 is a positive regulator of immunity (Moeder et al., 2011) , and CNGC11/12 was hypothesized to represent a misregulated form of CNGC12 that constitutively induces autoimmune phenotypes including hypersensitive response (HR)-like programmed cell death (PCD) in a constitutive manner (Yoshioka et al., 2006; Urquhart et al., 2007; Baxter et al., 2008) . Activation of such autoimmunity can be assessed via Agrobacterium tumefaciens-mediated transient expression of At-CNGC11/12 in Nicotiana benthamiana, where CNGC11/12-GFP, but not CNGC12-GFP, can induce PCD (Yoshioka et al., 2006) . As such, we used this system to evaluate whether the novel CaMBDs of CNGC12 may have a role(s) in regulating the induction of PCD.
Interestingly, expression of CNGC12-GFP fusion constructs with a mutation disrupting either the IQ motif (CNGC12 I572D/Q573A ) or CT (CNGC12 V607E ) did not induce PCD, while PCD was induced by expression of the NT mutant CNGC12 L27E/K28E ( Figure 6A ). Although induction of PCD by the NT mutant was slower relative to that induced by the chimeric CNGC11/12 channel, this cell death was never observed by the expression of WT-CNGC12 ( Figure 6 ) and was consistently visible at the macroscopic level 4 to 5 d postinfiltration (dpi), in comparison to the PCD induced by CNGC11/12, which was consistently visible 2 to 3 dpi. CNGC12 L27E/K28E induced cell death was microscopically confirmed by Trypan blue staining and quantitatively measured by ion leakage ( Figures 6B and 6C, respectively) , and the results of both assays confirmed the induction of PCD specifically by the NT mutant. None of the mutations significantly altered the expression levels or subcellular localization of CNGC12-GFP ( Figure 6B ), thus implicating loss of the N-terminal CaM binding in the misregulation of CNGC12 and activation of autoimmunity. To further confirm this result, another NT mutant, CNGC12 D32-39 (deletion of amino acids 32 to 39), was tested. As shown in Figure 6 (as D8), this mutant induced PCD in a similar manner to that of the NT mutant CNGC12 L27E/K28E . This eight-residue deletion is a naturally occurring polymorphism in the N terminus of CNGC11 from Arabidopsis ecotype Wassilewskija-2 (Ws-2) and, therefore, also the CNGC11/12 chimeric channel. Unlike the N terminus of CNGC12, this D8 N-terminal region did not bind CaM in our in vitro assays when we expressed it as a GST fusion (Supplemental Figure 4) . Overall, our results with two NT site mutations in CNGC12 support our hypothesis that the NT site is required for the proper regulation of channel function.
To further corroborate a role for this CaMBD in the immune response, we analyzed cell death-and immunity-related marker genes. As shown in Figure 6D , the well established immunityrelated cell death HR marker Nb-HSR203J (Pontier et al., 1994) was induced by expression of At-CNGC12 L27E/K28E and At-CNGC11/12, but not by WT-At-CNGC12. In addition, the activation of immune signaling was further confirmed by the expression of N. benthamiana pathogenesis related gene 1 (Nb-PR1a). Both CNGC11/12 and CNGC12 L27E/K28E induced Nb-PR1a, whereas WT-CNGC12 did not ( Figure 6D ). We were also able to observe more robust PCD induction by our mutants at lower temperature (Supplemental Figure 5) , a hallmark of the immune response (Hua, 2013) .
Taken together, these data suggest that CaM binding at the NT site negatively regulates CNGC12-mediated immunity activation.
The IQ Motif Is Required for Channel Function
Because the chimeric CNGC11/12 is hypothesized to comprise a misregulated form of CNGC12 and constitutively activates PCD, it has proven to be an excellent tool to study channel structurefunction (Baxter et al., 2008; Chin et al., 2010; Abdel-Hamid et al., 2013) . CNGC11/12 possesses the C-terminal half of CNGC12 and therefore shares the CNGC12 IQ and CT motifs. We were thus able to use CNGC11/12 to study whether either of these CaMBDs influences channel function, and toward this end the CNGC12 IQ mut and CT mut mutations were each introduced into CNGC11/12 [i.e., we generated 11/12-IQ mut (CNGC11/12 I564D/Q565A ) and 11/12-CT mut (CNGC11/12 V599E )], and these constructs were expressed as GFP fusions in N. benthamiana. Although no significant change in PCD induction was observed with CNGC11/12-CT mut (CNGC11/12 V599E ), CNGC11/12-IQ mut (CNGC11/12 I564D/Q565A ) failed to induce PCD, indicating that disruption of the IQ site interferes with its function (Figure 7) . The lack of PCD formation with 11/12-IQ mut expression relative to CNGC11/12 and 11/12-CT mut was clearly visible in our N. benthamiana assays at both the macroscopic and microscopic levels ( Figures 7A and 7C ). The lack of PCD was also mirrored in the absence of Nb-HSR203J and Nb-PR1a induction ( Figure 7B ). These findings were unexpected given that CaM binding has previously been posited to provide only a negative feedback mechanism for CNGCs. To further corroborate our in planta findings, we performed the same PCD experiments using myc-tagged constructs and observed similar results (Supplemental Figure 6) .
We also tested a peptide bearing the CNGC11/12 S58 mutation (R577C, which is adjacent to the IQ motif) for CaM binding in our NMR assay and found that this peptide could partially bind CaM under reducing conditions (Supplemental Figure 7) . The R577C mutation was previously found to suppress CNGC11/12 PCD induction at normal temperatures, while PCD was restored at low temperature (Chin et al., 2010 ). While we again observed CNGC11/12 R577C -induced PCD at lower temperature, 11/12-IQ mut failed to induce PCD even at low temperature (Supplemental Figure 8) , further indicating that this IQ site mutation leads to a full loss-of-function phenotype. Taken together, these data revealed the complex regulation of CNGC12 by multiple CaMBDs and demonstrated that CaM and Ca 2+ are involved in different aspects of channel function and regulation.
DISCUSSION
The mechanisms of mammalian CNGC allosteric regulation are well characterized, whereby binding of the cyclic nucleotide monophosphates cAMP and/or cGMP to the C-terminal CNBD provide a gating mechanism for channel conductance (Kaupp and Seifert, 2002; Matulef and Zagotta, 2003) . Allosteric inhibition of mammalian CNGC function is in turn regulated by CaM binding, which decreases the affinity of the channel for cAMP/cGMP (Liu et al., 1994; Chen and Yau, 1994; Trudeau and Zagotta, 2004; Bradley et al., 2004; Ungerer et al., 2011) . Mammalian CNGCs isoforms possess CaMBD(s) in their cytosolic N and/or C termini; however, the functional data appear to be limited to N-terminal CaMBDs (Ungerer et al., 2011) .
By contrast, plant CNGC function has been largely inferred from genetic studies, which have implicated various CNGCs in diverse physiological processes, including immunity (reviewed in Moeder et al., 2011; Ma and Berkowitz, 2011) , while CNGC structurefunction has proven recalcitrant to direct study. Early studies with select isoforms led to the hypotheses that Ca 2+ /CaM provides allosteric negative regulation of plant CNGC function and that a single CaMBD is conserved within the aC-helix of every plant CNGC (Arazi et al., 2000; Hua et al., 2003; Köhler and Neuhaus, 2000; Li et al., 2005; Kaplan et al., 2007) ; however, discoverydriven investigations into how CaM interacts with and regulates various plant CNGC isoforms have been lacking. CNGC12 (specifically) had been previously suggested to not bind CaM due to low conservation at its aC-helix region (Zelman et al., 2012) ; however, our study demonstrates that this isoform possesses novel CaMBDs at both its cytosolic N and C termini, providing evidence that an individual plant CNGC isoform possesses multiple CaMBDs.
The structure of the CNGC12 C-linker and CNBD regions was previously modeled (Chin et al., 2010; Abdel-Hamid et al., 2013) based on homology to the mammalian channels SpIH and HCN2 (PDB ID: 2PTM and PDB ID:IQ50, respectively) (Flynn et al., 2007; Zagotta et al., 2003) . Such models have provided important insight into CNGC structure-function; however, they could not include the C-terminal region downstream of the CNBD due to lack of homology to mammalian templates (i.e., amino acids ;565 to 649 in At-CNGC12). As such, modeling could not incorporate two CaMBDs (IQ and CT motifs). Thus, while sequence-based interrogations of CNGC structure-function are useful, our study emphasizes the value of empirical analyses and suggests that CaMBDs in other CNGCs across taxa may have been overlooked hitherto. In addition to delineating these novel CaMBDs, our biochemical and biophysical assays of each site have demonstrated that the three CaMBDs of CNGC12 interact differently with CaM, as the NT, IQ, and CT motifs each bind CaM with different affinities and Ca 2+ dependency. While our experiments have displayed 1:1 molar ratios for the interactions between each of the NT, IQ, and CT peptides with CaM, the overall stoichiometry of CaM to full-length CNGC12 in vivo is unknown, though we speculate that it may vary depending on the presence of Ca 2+ . It is unclear in our current model whether CaM binds to the various CNGC12 CaMBDs independently or in a competitive manner. Thus, it is likely that apoCaM is preloaded at the IQ motif at basal Ca 2+ levels and that elevation of cytosolic Ca 2+ induces recruitment of both preloaded and cytosolic Ca 2+ /CaM to the three CaMBDs. Similar mechanisms are present in numerous vertebrate cation channels (Kovalevskaya et al., 2013) , but their presence in plants was previously unclear.
Transient heterologous expression of chimeric At-CNGC11/12 in N. benthamiana triggers Ca 2+ -dependent spontaneous HR-like PCD, suggesting that CNGC11/12 is a constitutively active and/or misregulated form of CNGC12, which is a positive regulator of immunity (Baxter et al., 2008; Urquhart et al., 2007) . Low temperature is known to enhance immune responses in plants (Hua, 2013) , and shifting to lower temperature has been previously shown to enhance the PCD phenotype induced by CNGC11/12 mutants (Mosher et al., 2010; Chin et al., 2010) . We observed a similar effect in our assays, wherein incubation at 16°C increased the PCD induced by both of our NT mutant CNGC12 constructs (Supplemental Figure 5) . Together with our RT-PCR, these data suggest that disregulation of CNGC12 due to loss of CaM binding at the NT site leads to the activation of defense responses.
The discovery that CNGC12 possesses an N-terminal CaMBD was unexpected given long-standing hypotheses regarding the location of a C-terminal CaMBD in plant CNGCs. However, our results did implicate this novel NT site in the inhibition of channel function, providing in planta validation of the hypothesis that CaM provides negative feedback regulation. In contrast, our finding that the IQ motif is required for CNGC11/12-induced PCD suggests that CaM binding is also required for channel function. This discovery stands in contrast to the long-held expectation that CaM functions solely in the negative feedback inhibition of CNGC function. These data provide new context for our previous finding that the loss of the C-terminal region (including the IQ motif) due to a premature stop codon lead to complete loss of CNGC11/12-induced phenotypes and channel function in yeast complementation assays (Chin et al., 2010) . Interestingly, the same study also showed a point mutation adjacent to the IQ motif (cpr22 suppressor 58, S58, caused by the point mutation CNGC11/12 R577C) was able to partially suppress CNGC11/12 function (Chin et al., 2010) . When we performed NMR assays with an extended peptide bearing this R577C mutation that overlapped with the IQ motif, we observed no interaction with Ca 2+ /CaM; however, binding was partially restored under reducing conditions (Supplemental Figure 7) . We previously reported that S58 was only a partial loss-of-function mutation in CNGC11/12, as PCD induction could be restored at low temperature (Chin et al., 2010) . In contrast, 11/12-IQ mut was still unable to induce any cell death at low temperature (Supplemental Figure 8) , in keeping with our hypothesis that the S58 mutation partially reduced the accessibility of CaM to the IQ motif, while 11/12-IQ mut directly disrupted CaM binding. Taken together, our data suggest that the IQ motif is essential for CNGC11/12-induced phenotypes and that indirect or direct disruption of this CaMBD leads to corresponding partial or full loss of channel function.
According to our ND-PAGE assay, the IQ mut mutation that suppressed CNGC11/12-induced PCD disrupted apoCaM binding more severely than Ca 2+ /CaM binding, as we were only able to observe a shift in the migration of apoCaM with the addition of a high concentration of IQ mut peptide ( Figure 5 ). We postulate that CaM (via constitutive association with the IQ motif) comprises a subunit of the functional CNGC complex in vivo, though further work will be needed to determine whether this is specific to CNGC12 or more broadly applicable across plant CNGCs. As noted previously, the IQ motif is conserved at the sequence level across the At-CNGC family (Fischer et al., 2013) . Such constitutive The model draws from the biophysical and physiological results of this study, previous data cited in the Discussion, and speculative components that currently remain unexplored, but which are compatible with our findings to date. (A) At resting conditions and basal Ca 2+ levels, the channel is calmodulated via interaction between CaM and the IQ motif. (B) Upon perception of a signal (the molecular nature of which remains to be empirically determined), the channel opens and cytosolic Ca 2+ levels increase. Given the necessity of CaM binding to the IQ motif for channel function as well as the higher-order interactions that occur between the IQ motif and Ca 2+ / CaM, channel activation may require CaM-dependent interactions between adjacent channel subunits as depicted. Furthermore, current data do not resolve whether individual CaM molecules move between different CaMBDs in a Ca 2+ -dependent manner or multiple CaMs can bind sites independently. (C) We propose that at higher Ca 2+ concentration, Ca 2+ /CaM provides inhibition of CNGC12 function via the NT CaMBD; whether this inhibition involves the bridging of channel termini remains unclear. association between CaM and IQ motifs is a widespread phenomenon among animal cation channels (Kovalevskaya et al., 2013) but had not previously been confirmed in plants. Our data suggest that CaM may be responsible for Ca 2+ -dependent intraand/or intersubunit interactions, another feature thought to be specific to animal cation channels (Fallon et al., 2009; Liu and Vogel, 2012; Sarhan et al., 2012) . This is an interesting avenue for investigation, given that homo-or heterotetramers are hypothesized to comprise functional CNGCs in vivo (Kaplan et al., 2007; Zelman et al., 2012) , though to date we have only minimal data regarding how different plant CNGC subunits associate . We observed no detectable effect of mutation at the CT motif on the induction of PCD by CNGC12 or 11/12. It is possible that the V607E mutation does not completely abolish CaM binding in planta. Indeed, ITC measurements show that our V607E mutation significantly reduces CaM binding but does not completely ablate it (Supplemental Figure 3) ; whether mutations that have a more drastic loss of CaM binding at the CT site have effects on channel function is an interesting avenue for further exploration.
Given our biochemical and physiological dissection of its CaMBDs, we have proposed a model for the regulation of CNGC12 by CaM (Figure 8 ). This model posits that CNGC12 is constitutively calmodulated via the IQ motif in a Ca 2+ -independent manner, while Ca 2+ /CaM may sequentially bind to multiple CaMBDs. Our model shows CNGC12 mediating Ca 2+ influx directly; however, we cannot exclude the possibility that CNGC12 signaling triggers Ca 2+ current(s) mediated by other channel(s). Our model includes speculative features that are consistent with our results to date but which require further experimental investigation and some of which bear clear similarities to various animal channels, such as CaM-mediated bridging of inter-and intrasubunit interactions and dynamic movement of CaM between multiple CaMBDs (Fallon et al., 2009; Liu and Vogel, 2012; Sarhan et al., 2012; Morales et al., 2013; Ben Johny et al., 2013; Shao et al., 2014) . Interestingly, such CaM regulatory features are widely distributed among various animal voltage-or Ca 2+ -gated cation channels for which there are no clear homologs in plants (Edel and Kudla, 2015) . Generally, our combined biochemical and physiological data demonstrate interesting parallels and distinctions between plant CNGCs and animal cation channels. These results open exciting avenues for investigation, particularly the possibility that plant CNGC isoforms comprise both functional and regulatory subunits, as is the case among the animal CNG family (Matulef and Zagotta, 2003) , and that the regulatory role of specific subunits may be at least partially determined by the orientation and binding properties of CaMBD(s). As such, it will be informative to determine how different combinations of CaMBD(s) are conserved in other plant CNGC isoforms. Recent work has demonstrated that in planta assays can be used to test pairwise combinations of CNGC isoforms for interaction and that some plant CNGC isoforms are amenable to electrophysiological study (Zhou et al., 2014; Gao et al., 2014) . The combination of additional structural-functional, physiological, and electrophysiological studies will help to elucidate the complex mode of CaM-mediated CNGC regulation by Ca 2+ . Given the important roles of CNGCs and CaM in immunity (Moeder et al., 2011; Poovaiah et al., 2013) , further characterizing CaM-CNGC interactions will be critical to understanding CNGC-mediated Ca 2+ signaling during immune responses.
METHODS
Plasmid Construction and Recombinant Protein Expression
All in vitro experiments were performed with a conserved plant CaM isoform (petunia [Petunia hybrida] CaM81, 100% amino acid identity to Arabidopsis thaliana CaM7), with the exception of HSQC-NMR spectroscopy experiments, which were performed with a conserved vertebrate isoform from Xenopus laevis (xCaM, 90%/97% identity/similarity to At-CaM7). Untagged CaM81 was expressed using the pET5a vector in BL21 pLysS Escherichia coli strain (Fromm and Chua, 1992) , whereas xCaM was expressed using pAS vector in the AR58 strain (Ikura et al., 1990b) and both purified via phenyl-Sepharose hydrophobic interaction chromatography. CNGC12 fragments were expressed using either the pET28 or pGEX4T3 vectors (for 6xHis-or GST-tagged fusion proteins, respectively, as indicated in the figures) in BL21 (DE3) codon plus E. coli cells. Constructs for in planta expression as GFP fusions were cloned into the pJP (pMBP3) binary plasmid (Baxter et al., 2008) in frame with a C-terminal GFP tag. Site-directed mutagenesis was performed in vitro using overlapping PCR reactions. For myc-tagged constructs, CNGC12 (wild type or mutants) were cloned into the pGreen binary vector (Hellens et al., 2000) in frame with a C-terminal myc epitope. The fidelity of all constructs was confirmed by DNA sequencing. Primers used for cloning and mutagenesis are listed in Supplemental Table 3 .
HRP-CaM Overlay Assays
Horseradish peroxidase-conjugated CaM (HRP-CaM) was generated and used as a probe as described previously (DeFalco et al., 2010) .
In Silico CaMBD Modeling
The amino acid sequence corresponding to each of the CaMBD peptides (shown in Supplemental Table 1) was individually modeled as a perfect a-helix using the PyMOL Molecular Graphics System, version 1.3 (Schrödinger). The side chains of specific residues in each model were colored as indicated in Figure 1 .
ND-PAGE
Peptides and CaM were each diluted into sterile 25 mM Tris-Cl (pH 7.5) to a final concentration of 1 mg/mL and subsequently used in CaM binding ND-PAGE gel shift assays as described previously (DeFalco et al., 2010) .
ITC
ITC was performed using a VP-ITC calorimeter (Microcal) at 30°C in 25 mM HEPES, 100 mM NaCl, pH 7.5, with 5 mM CaCl 2 or 1 mM EGTA as indicated. In all experiments, peptide was titrated into CaM in 29 injections of 10 mL each with a 360-s equilibration between injections. In the case of NT and CT experiments, 150 mM peptide was titrated into 16 mM CaM, while in the case of IQ experiments, 135 mM peptide was titrated into 20 mM CaM. Data were analyzed and fitted using Origin 7.0 software (OriginLab).
was dissolved in buffer in the presence or absence of Ca 2+ as described in the figure captions. Synthetic peptides were dissolved in buffer (corresponding to figure captions) without Ca 2+ or EGTA and washed with excess buffer using Amicon Ultracel MWCO 3000 spin columns (Millipore) to equilibrate pH before being added to CaM stocks (at the ratios indicated in the figure captions). Combined samples were washed again and concentrated to a final volume of 35 mL, resulting in a final concentration of 15 N-CaM of 0.2 mM. 15 N -1 H HSQC spectra were collected with 16 scans using a Bruker 600-MHz Avance II NMR spectrometer equipped with a 1.7-mm microcryoprobe.
Plant Growth Conditions and Agrobacterium-Mediated Transient Expression
Nicotiana benthamiana was grown on Sunshine mix soil (Sun Gro Horticulture Canada) in a growth chamber under a 9/15-h light/dark regimen at 22°C (day) and 20°C (night) (60% relative humidity and ;140 mE m 22 s 21 ). Low-temperature treatments were conducted under the same conditions at 16°C. Transient expression was performed via infiltration of N. benthamiana with Agrobacterium tumefaciens strain GV2260 as described previously (Urquhart et al., 2007) . Agrobacterium carrying CaMV35S:HC-Pro from Tobacco etch virus (labeled TEV in the figures) was infiltrated alone or coinfiltrated with constructs as described in the figure captions.
Trypan Blue Staining
Trypan blue staining for cell death detection was performed as described previously (Abdel-Hamid et al., 2013; Yoshioka et al., 2006) .
Ion Leakage Analysis
In accordance with an established protocol (Abdel-Hamid et al., 2013) , three leaf discs (1 cm each, from independent leaves) were floated in 4 mL of deionized water for 15 min and the conductivity of each sample was determined using an Oakton Con5 Acorn series conductivity meter (Oakton Instruments). Assays were performed in triplicate and values were averaged.
RNA Extraction and RT-PCR
RNA extraction and cDNA synthesis were performed as described previously (Abdel-Hamid et al., 2013) . RT-PCR analysis of At-CNGC12 and N. benthamiana ACTIN, HSR203J, and PR1a transcripts was performed using primers shown in Supplemental Table 3 .
Confocal Microscopy
Confocal microscopy as performed described previously with minor changes (Abdel-Hamid et al., 2013) . Briefly, 1-cm sections of Agrobacterium-infiltrated N. benthamiana leaves were excised ;30 h postinfiltration (hpi) for microscopy using the Leica TCS SP8 confocal system (Leica Microsystems). GFP (500 to 600 nm) or chloroplast autofluorescence (650 to 700 nm) was detected under the 633 oil immersion objective lens (numerical aperture 1.40) with 33 zoom using the 488-nm OPSL laser set to 25%.
Experimental Replicates
Experiments were performed a minimum of three times and representative results are displayed in the figures (with the exception of ITC measurements, which are representative of at least two replicates). Where appropriate, measurements have been averaged and subjected to statistical analysis as indicated in the figure captions.
Accession Numbers
Sequence data from this article can be found in the GenBank/EMBL data libraries under the following accession numbers: At-CNGC12 (At2g46450, ACD81988), At-CNGC11 (At2g46440, ACD81989), Nb-PR1a (Niben101Scf00107g03008.1), Nb-ACTIN (NbS00000307g0001.1), Nb-HSR203J (Niben101Scf05283g00016.1), CaM81 (M80836), xCaM (NP_001080864.1), At-CaM7 (At3g43810), At-CaM4 (At1g66410), and At-CML9 (At3g51920).
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